Figure 1. Ras Trafficking to the Plasma Membrane
Ras proteins are made in the cytoplasm and farnesylated ( ), then bind to the ER and are AAX proteolyzed and carboxyl methylated (Me). They then traffic to the plasma membrane via the secretory pathway (H-Ras) or perhaps through the cytoplasm (K-Ras).
S-acylation (
) of H-Ras and the association of S-acylated H-Ras with lipid rafts and caveolae are depicted at the plasma membrane; however, another possibility is that S-acylation may occur on endomembranes. K-Ras association with the plasma membrane is assisted by its polybasic region (ϩϩ). body of earlier work. However, the endomembrane as-N-acetyl-S-trans-farnesylcysteine mislocalizes Ras to sociation of Ras may have been missed in previous the cytoplasm, supporting a role for carboxyl methylstudies (Hancock et al., 1991a) because the cytoplasmic ation, and by extrapolation AAX proteolysis, in memstaining that was interpreted as cytosolic rather than brane association. It has been shown by a number of endomembrane was only observed for Ras mutants with investigators that carboxyl methylation, which elimidefective second signals. In addition, fractionation of nates the negative charge on the C-terminal carboxylate broken cells may displace weakly bound Ras from intragroup, has more effect on membrane binding of farnesycellular membranes, especially if it lacks S-acylation, lated proteins for which membrane affinity is borderline, thus causing it to be released into the cytosolic fraction. than for geranylgeranylated proteins (Rando, 1996) . What all three Ras proteins have in common is that Since carboxyl methylation is required for efficient the initial membrane interaction of their farnesylated plasma membrane binding, it is surprising that Rasforms occurs with the endoplasmic reticulum (ER). In dependent signaling does not seem to be greatly afboth yeast and mammals this is the home of the multifected when carboxyl methylation and AAX proteolysis spanning enzymes known to catalyze proteolytic trimare disrupted. In the mouse, homozygous deletion of ming of the AAX residues and carboxyl methylation of kinase Lck, which is N-terminally myristoylated and douof the dominant-negative caveolin displaces H-Ras from rafts/caveolae but has little effect on K-Ras4B. Intrigubly S-acylated, associates with intracellular membranes ingly, disruption of rafts/caveolae does not interfere with and moves to the plasma membrane through the secrethe ability of H-Ras to recruit Raf1 to the plasma memtory pathway associated with its cell surface coreceptor brane but appears to affect Raf1 activation. This sug-CD4 (Bijlmakers and Marsh, 1999). However, Lck can gests that it is association with rafts/caveolae rather still reach the plasma membrane even in the absence than the bulk plasma membrane that is required for of CD4, and the N-terminal lipid modifications clearly activation of Raf1. H-Ras and K-Ras4B may associate specify intrinsic plasma membrane affinity. The related with physically different rafts/caveolae that are differenkinase Fyn binds to cellular membranes more quickly tially dependent on cholesterol, or the raft/caveolae asafter synthesis than does Lck and may associate directly sociation of H-Ras may be more sensitive to cholesterol with the plasma membrane (van't Hof and Resh, 1997) .
content than that of K-Ras4B. This could be due to the The divergent behavior of these two very similar proteins use of farnesylation/S-acylation in the case of H-Ras, may be due to subtle differences in their N-terminal where insertion of the lipids into the bilayer is the preregions. The spacing of the two S-acyl groups differs dominant driving force for membrane association, combetween Lck and Fyn, and the former has a predomipared to the farnesylation/polybasic combination of nance of negatively charged amino acids in the sur-K-Ras4B, where a substantial amount of membrane rounding region whereas the latter is predominantly posbinding energy comes from bilayer-independent elecitively charged (Resh, 1996) . H-Ras-but not K-Ras4B activation of Raf1. Expression
